Never or curtailed lactation has been associated with an increased risk for incident hypertension, but the effect of exclusive breastfeeding is unknown. The authors conducted an observational cohort study of 55,636 parous women in the US Nurses' Health Study II. From 1991 to 2005, participants reported 8,861 cases of incident hypertension during 660,880 person-years of follow-up. Never or curtailed lactation was associated with an increased risk of incident hypertension. Compared with women who breastfed their first child for 12 months, women who did not breastfeed were more likely to develop hypertension (hazard ratio (HR) ¼ 1.27, 95% confidence interval (CI): 1.18, 1.36), adjusting for family history and lifestyle covariates. Women who never breastfed were more likely to develop hypertension than women who exclusively breastfed their first child for 6 months (HR ¼ 1.29, 95% CI: 1.20, 1.40). The authors found similar results for women who had never breastfed compared with those who had breastfed each child for an average of 12 months (HR ¼ 1.22, 95% CI: 1.13, 1.32). In conclusion, never or curtailed lactation was associated with an increased risk of incident maternal hypertension, compared with the recommended 6 months of exclusive or 12 months of total lactation per child, in a large cohort of parous women.
Primary prevention of hypertension is a major public health priority. Although pharmacologic treatment can reduce the burden of this disease, compliance is poor, and adverse effects of treatment are common (1) . Thus, hypertension remains a leading preventable cause of death for women (2) .
Multiple lifestyle factors have been associated with increased incident hypertension (3) . In addition, parous women who never breastfed (4) or only briefly lactated (5) may also have an increased risk of developing hypertension, compared with women who lactate for longer periods of time. Absent or premature discontinuation of lactation has also been associated with increased risks for diabetes (5) (6) (7) (8) , hyperlipidemia (5, 9) , the metabolic syndrome (10, 11) , and cardiovascular disease (5, 12, 13) .
The mechanisms underlying these associations are not known. Lactation is associated with weight loss in some, but not all, studies, and we have previously hypothesized that lactation may ''reset'' maternal metabolism after pregnancy, reducing risk of obesity-related disease (14) . Lactation also activates central neuroendocrine pathways, including oxytocin and prolactin, and these hormones have been associated with blood pressure regulation (15) and incident hypertension risk (16) .
However, unmeasured confounding is a major concern in studies of lactation and health outcomes, because mothers who breastfeed are more likely to engage in other healthpromoting behaviors (17, 18) . Such confounding is a potential limitation of the 3 prior studies that have measured the association between lactation and hypertension. One study assessed incident disease in a population without data on dietary intake other than alcohol (4) , and 2 studies measured prevalent hypertension, adjusting only for concurrent health behaviors (5, 11) . No prior study has included information on pregnancy complications, such as preeclampsia or preterm birth, which may affect both breastfeeding success and maternal hypertensive disease risk. Moreover, previous studies have not considered the timing of introduction of foods other than breast milk, which is a measure of breastfeeding intensity.
To address these limitations in the existing literature, we measured the association between duration and exclusivity of lactation and incident maternal hypertension in the second Nurses' Health Study. This large, prospective cohort includes data on duration of exclusive lactation for each child, as well as hypertensive pregnancy complications and preterm birth. Moreover, the study design allowed us to adjust our analyses for multiple lifestyle factors previously associated with risk of incident hypertension in women (3) . We further conducted a sensitivity analysis to quantify the degree of unmeasured confounding that would explain observed associations between lactation and incident hypertension.
MATERIALS AND METHODS

Study population
The Nurses' Health Study II began in 1989, enrolling 116,608 women from 14 US states. Participants were between 25 and 42 years of age at baseline. Each woman completed detailed questionnaires every 2 years. We limited the current analyses to data collected since 1991, the first year for which dietary data were available. We limited our analysis to women who could be ''exposed'' to breastfeeding, by excluding women who were nulliparous (n ¼ 22,590), as well as those with missing data on breastfeeding (n ¼ 19,605). Compared with women for whom breastfeeding data were available, women missing data on breastfeeding were less likely to self-identify as Caucasian (90% vs. 94%) or to be currently using oral contraceptives (60% vs. 73%) and were more likely to be current smokers (13% vs. 9%) and to be missing data on other health behaviors. However, the 2 groups were similar in age (assessed in 1991), year of first birth, body mass index (BMI) at age 18 years, and family history of hypertension.
We further excluded women who reported a diagnosis of hypertension prior to 1991 (n ¼ 4,583) or who in 1989 reported elevated blood pressure (median systolic blood pressure >120 mm Hg or diastolic blood pressure >80 mm Hg, n ¼ 7,038) or antihypertensive medications (n ¼ 1,640). We further excluded women with self-reported physiciandiagnosed diabetes (n ¼ 215), cardiovascular diseases (n ¼ 153), hyperlipidemia (n ¼ 4,538), or cancer (n ¼ 328) (Figure 1 ).
Assessment of parity and lactation history
At baseline in 1989 and on each biennial questionnaire, women reported their number of pregnancies lasting 6 months. In 1997, participants completed a detailed questionnaire on breastfeeding for each of their first 4 children, including 
Measurement of the outcome
At baseline and on biennial follow-up questionnaires, participants were asked to report whether they had ever had a physician diagnosis of high blood pressure, excluding during pregnancy. If so, they were asked what year they received this diagnosis. Self-reported hypertension has been previously validated in our population by review of medical records for a randomly selected sample of 147 participants (19) . The sensitivity of self-reported hypertension was 94%, and the specificity of reporting no diagnosis of hypertension was 85%. At baseline in 1989, participants were also asked to report their usual blood pressure when checked within the last 2 years.
Measurement of covariates
We included the following time-fixed covariates in our covariate-adjusted models: year of first birth, body mass index at age 18 years, family history of hypertension, self-classified race, and history of pregnancy complications. Parental history of hypertension and self-reported race were assessed on the 1989 questionnaire. Pregnancy complications, including gestational diabetes, preeclampsia, gestational hypertension, gestational diabetes, preterm birth, late miscarriage or stillbirth, and low birth weight, were self-reported on a supplemental questionnaire in 2001.
Time-varying covariate data were collected on multiple questionnaires. On each questionnaire, women reported current weight, use of nonnarcotic analgesics, and oral contraceptive use. Women reported height in 1989. We used current weight and self-reported height to calculate BMI (weight (kg)/ height (m) 2 ) at each follow-up time. Women reported alcohol consumption in 1991, 1995, 1999, and 2003 and physical activity in 1989, 1991, 1997, and 1999 (20) . We calculated a Dietary Approaches to Stop Hypertension (DASH) diet score for each participant on the basis of validated food frequency questionnaires collected every 4 years (3).
Statistical analysis
The hazard ratio of incident hypertension by lactation history was assessed with a Cox proportional hazards model. Women contributed person-years from 1991 until diagnosis of hypertension, death, or study end date of June 2005. Because lactation duration was reported categorically, we modeled our primary analysis using categories. Two-sided P values are reported for trends, and 95% confidence intervals are reported for hazard ratio estimates.
As lactation is highly correlated with other health behaviors, both residual confounding and unmeasured confounding are major concerns. To address this problem, we used 2 different approaches. For our primary analysis, we used propensity scores with inverse probability weights (IPWs) to model the association between duration of lactation for the first child and incident hypertension. We then performed a sensitivity analysis to determine the degree of unmeasured confounding that would be needed to explain observed associations. In a secondary analysis, we measured the association between mean duration per child and incident hypertension, using multivariable regression.
All major medical organizations in the United States recommend 6 months of exclusive and 12 months of total breastfeeding for each child (21) (22) (23) . We therefore used these durations as referent categories. We defined optimal breastfeeding as having occurred when a mother reported both 12 months of total breastfeeding and 6 months of exclusive breastfeeding for her first child.
To account for differences in other risk factors for hypertension, we created propensity scores for breastfeeding duration categories (24, 25) . We used multinomial regression to model probability of each duration category as a function of covariates at study baseline in 1991, or, for women whose first birth occurred after 1993, at the cycle immediately preceding her first birth. We included in this propensity score body mass index at age 18 years and year of first birth (linear and quadratic), self-reported history of pregnancy complications (ever/never history of each condition: preeclampsia, gestational hypertension, gestational diabetes, preterm birth, low birth weight infant, or stillbirth), smoking status (current, past, missing), vigorous physical activity (<30, 30-59, 60-119, 120-209, 210 minutes/week), alcohol consumption (<1, 1-4, 5-9, 10 -14, 15-29, 30 g/day), DASH diet score quintile, family history of hypertension, current oral contraceptive use, current nonnarcotic analgesic use (none, <2, 2 days/week), and self-reported race (white, Hispanic, black, Asian, other).
We constructed weights for each participant using the inverse probability of the duration category she reported (26) . We used these normalized IPWs in our Cox proportional hazards models. All models were adjusted for the woman's age and follow-up time in months. To test whether BMI was an intermediate between lactation duration and incident hypertension, we added BMI to our IPW models, using 3-knot quadratic splines (27) to allow for nonlinear associations. We then performed a sensitivity analysis (28, 29) to determine the degree of unobserved confounding that would explain observed associations.
Many of the women in our cohort gave birth prior to the start of study follow-up in 1991, so we could not adjust for concurrent behaviors. In an additional sensitivity analysis, we limited our population to women with a first birth after 1989. For propensity weights, we further included pregravid BMI, defined as the BMI in the cycle prior to the first birth.
We further estimated the population-attributable risk of suboptimal lactation, which is the hypothetical proportion of hypertension cases that would be avoided if all individuals in the study lactated exclusively for 6 months and continued for 12 months. We used a previously published statistical approach (30) for this calculation, which assumes that there is an independent, causal association between lactation and incident hypertension.
To determine whether our results were sensitive to our modeling approach, we further measured the association between mean duration of lactation per child and incident hypertension, using Cox proportional hazards regression. We derived 2 variables, mean total duration per child and mean exclusive duration per child, which were updated during followup, as were lifestyle covariates. To test whether pregnancy c Total sums to >100 because participants could select more than one race/ethnicity. d Any pregnancy complicated by preeclampsia, gestational hypertension, gestational diabetes, birth of an infant at <37 weeks' gestation, birth of an infant weighing <2,500 g, or miscarriage or stillbirth at >12 weeks' gestation.
e Percentages do not sum to 100 because of missing data.
complications confounded the association between lactation duration and incident hypertension, we quantified changes in parameter estimates for each duration category in ageadjusted models and in models adjusting for each pregnancy complication. To test whether a history of gestational hypertension, preeclampsia, or both modified associations between lactation and incident hypertension, we tested for effect modification using an interaction term. All analyses were performed by using SAS, version 9.1, software (SAS Institute, Inc., Cary, North Carolina). The Institutional Review Board of Partners Healthcare approved the study. All P values were 2 tailed, and values of less than 0.05 were considered statistically significant.
RESULTS
There were 55,636 parous women who were eligible for our analysis, of whom 80.6% had breastfed their first child, 16.8% had breastfed their first child for 12 months, and 14.6% had exclusively breastfed their first child for 6 months. Longer lactation duration for the first child was associated with higher parity (Table 1) , as well as lower BMI during follow-up, less family history of hypertension, less frequent smoking, and oral contractive use, higher DASH diet score, more frequent vigorous exercise, and more analgesic use.
Both total duration and exclusive duration of lactation for the first child were correlated with subsequent parity (MantelHaenszel chi-square test for trend, P < 0.0001), and lactation durations among siblings were highly correlated (Pearson's r ¼ 0.46-0.81) (P < 0.0001). Thus, parity may be a ''collider,'' and adjustment for parity may produce false associations between lactation duration and outcome (31) . For our primary analysis, we therefore analyzed the association between lactation duration for the first child (not all children) and incident hypertension.
We ascertained 8,861 cases of incident hypertension during 660,880 person-years of follow-up. We found a dose-response association between never or curtailed breastfeeding and incident hypertension risk. In IPW-adjusted models, mothers who had never breastfed had a 1.27-fold risk of incident hypertension (95% confidence interval (CI): 1.18, 1.36) (across breastfeeding duration categories, P trend < 0.001) compared with mothers who lactated for 12 months after their first birth ( Figure 2 ; Table 2 ). To test whether BMI mediated this association, we further adjusted for BMI during follow-up, which modestly attenuated the association (for never vs. 12 months of lactation for the first child, BMI-adjusted hazard ratio (HR) ¼ 1.22, 95% CI: 1.13, 1.31) (across breastfeeding duration categories, P trend < 0.001). When we measured the association between duration of exclusive lactation and incident hypertension, we found that women who did not lactate had an IPW-adjusted 1.29-fold risk of incident hypertension (95% CI: 1.20, 1.40) (across breastfeeding duration categories, P trend < 0.001) compared with having exclusively lactated for 6 months after the first birth (Table 2) . Again, this association was somewhat attenuated in models adjusting for BMI during follow-up (for never vs. 6 months of exclusive lactation for the first child, BMI-adjusted HR ¼ 1.22, 95% CI: 1.13, 1.31) (across breastfeeding duration categories, P trend < 0.001). All associations were materially unchanged with adjustment for lifetime parity.
We then considered the degree of unobserved confounding that would explain our results. Assuming an unobserved binary confounding factor perfectly correlated with lactation in the longest duration category, we found that unmeasured confounders with effect sizes of 0.85 for 12 months' total and 0.83 for 6 months' exclusive lactation for the first child would be needed to explain the observed difference in incident hypertension among women in these groups versus those who had never breastfed. These effect sizes are similar in magnitude to the associations between 7 days/week of vigorous physical activity versus <1 day/week of vigorous activity (HR ¼ 0.87, 95% CI: 0.81, 0.93) or a DASH diet score Figure 2 . Association between duration of total breastfeeding for the first child and incident hypertension among 55,636 parous women in the Nurses' Health Study II, United States, 1991-2005. Adjusted for age and inverse probability weight, derived from a multinomial logistic regression model for probability of each breastfeeding duration category as a function of maternal body mass index at age 18 years (linear and quadratic), year of first birth (linear and quadratic), self-reported history of preeclampsia, gestational hypertension, gestational diabetes, birth of an infant at <37 weeks' gestation, birth of an infant weighing <2,500 g, miscarriage or stillbirth at >12 weeks' gestation, smoking status, vigorous physical activity, alcohol consumption, Dietary Approaches to Stop Hypertension (DASH) diet score quintile, family history of hypertension, current oral contraceptive use, current nonnarcotic analgesic use, and self-reported race.
in the highest versus lowest quintile (HR ¼ 0.82, 95% CI: 0.77, 0.87) in prior studies (3) .
To determine whether measuring health behaviors at the time of the first birth affected our results, we limited our population to 8,318 women with a first birth after 1989. In IPW-adjusted models, we found a hazard ratio ¼ 1.31 (95% CI: 1.00, 1.71) for women who never lactated and 1.40 (95% CI: 1.07, 1.82) for women who lactated for >0-3 months compared with women who lactated for 12 months. Adjustment for BMI during follow-up modestly attenuated these associations (never vs. 12 months, HR ¼ 1.22, 95% CI: 0.93, 1.60; >0-3 vs. 12 months, HR ¼ 1.22, 95% CI: 0.93, 1.59).
We then estimated the population-attributable risk due to suboptimal lactation, defined as <6 months' exclusive lactation and/or <12 months' total lactation, and incident hypertension. If this association is causal, we estimate that 12% (95% CI: 4.9, 19) of incident hypertension in our population could be attributed to suboptimal lactation.
In a secondary analysis, we measured the association between mean lactation duration per child and incident hypertension in the full study cohort (Table 3) . With adjustment for lifestyle covariates and hypertension risk factors, we found a 1.22-fold risk (95% CI: 1.13, 1.32) (across breastfeeding duration categories, P trend < 0.001), comparing women who had never breastfed versus those who lactated 12 months per child. Curtailed lactation was also associated with increased risk: compared with 12 months per child, women with >0 -3 or >3-<6 months per child had a 1.21-fold (95% CI: 1.12, 1.30) and a 1.19-fold (95% CI: 1.11, 1.28) increased risk of incident hypertension in covariate-adjusted models. We similarly found an increased risk of incident hypertension with never or curtailed exclusive lactation (Table 3) . With adjustment for covariates, we found a 1.16-fold risk (95% CI: 1.05, 1.27) (across breastfeeding duration categories, P trend < 0.001) for women who had never breastfed compared with a mean exclusive duration of 6 months or more. These results were materially unchanged with adjustment for current BMI and parity.
We found that adjustment for ever-history of preeclampsia slightly attenuated associations between lactation duration and incident hypertension. Our results were materially unchanged with adjustment for other pregnancy complications. We found no evidence for an interaction between everhistory of gestational hypertension or preeclampsia, lactation Abbreviations: BMI, body mass index; CI, confidence interval; DASH, Dietary Approaches to Stop Hypertension; IPW, inverse probability weight. a Inverse probability weight-adjusted Cox proportional hazards regression models were used. b Adjusted for participant's age and follow-up time in months. c Inverse probability weights derived from multinomial logistic regression model for probability of each breastfeeding duration category as a function of maternal BMI at age 18 years (linear and quadratic), year of first birth (linear and quadratic), self-reported history of preeclampsia, gestational hypertension, gestational diabetes, birth of an infant at <37 weeks' gestation, birth of an infant weighing <2,500 g, miscarriage or stillbirth at >12 weeks' gestation, smoking status, vigorous physical activity, alcohol consumption, DASH diet score quintile, family history of hypertension, current oral contraceptive use, current nonnarcotic analgesic use, and self-reported race.
d BMI during follow-up modeled by using a 3-knot quadratic spline. c Covariate-adjusted models include maternal BMI at age 18 years (linear and quadratic), year of first birth (linear and quadratic), self-reported history of preeclampsia, gestational hypertension, gestational diabetes, birth of an infant at <37 weeks' gestation, birth of an infant weighing <2,500 g, miscarriage or stillbirth at >12 weeks' gestation, smoking status, vigorous physical activity, alcohol consumption, DASH diet score quintile, family history of hypertension, current oral contraceptive use, current nonnarcotic analgesic use, and self-reported race.
d BMI during follow-up modeled by using a 3-knot quadratic spline.
duration, and incident hypertension (for log likelihood ratio test, all P > 0.15).
DISCUSSION
We found a direct association between never or curtailed lactation and incident hypertension in a large, prospective cohort of parous women. We found an increased risk of hypertension among women who breastfed each child for <9 months compared with women who breastfed each child for 12 months, as well as among women who never breastfed exclusively, compared with women who breastfed exclusively for 6 months per child. This association persisted after adjustment for multiple hypertension risk factors by using 2 modeling approaches. In addition, we quantified the degree of unmeasured confounding that would explain observed associations. Our results strengthen the evidence for a causal association between never or curtailed breastfeeding and maternal hypertension.
Our findings confirm and extend earlier work linking lactation with blood pressure regulation. Light et al. (32) reported higher maternal blood pressure among formula-feeding mothers versus lactating mothers after infant feeding. Others have described increased autonomic and hypothalamicpituitary-adrenal axis stress response to stressors among formula-feeding versus breastfeeding women (33, 34) .
Authors have also previously reported differences in hypertension associated with lifetime lactation (Table 4) We similarly found that adjustment for BMI did not fully explain associations between curtailed lactation and hypertension risk. We speculate that differences may be mediated, in part, by the neuropeptide oxytocin, working centrally and/or peripherally. Oxytocin is released during lactation to facilitate milk let-down, and converging evidence supports a regulatory role for oxytocin on autonomic cardiac control. Animal studies show that oxytocin administration causes changes in blood pressure regulation that persist for at least 3 weeks after discontinuation (15) . Moreover, central oxytocinergic fibers inhibit sympathetic and promote parasympathetic activity to the heart (35, 36) . In the periphery, oxytocin binding to cardiac and vascular endothelial receptors reduces the heart rate and enhances vasodilation (37, 38) . Postpartum oxytocin levels are associated with reduced stress-induced vasoconstriction and norepinephrine, a biomarker of sympathetic activation (39) . We speculate that lactation leads to changes in central oxytocin release and/or peripheral receptor expression that persist after weaning, thereby diminishing blood pressure in later life. Prolactin may also play a role. Zhang et al. (16) recently reported a direct association between serum prolactin and incident hypertension in the Nurses' Health Study. Never breastfeeding was associated with higher prolactin in 1 prospective cohort study (40) , although not in the Nurses' Health Study cohort (41) .
Our findings must be interpreted in the context of the study design. Both obesity and insulin resistance are associated with lactation difficulties, suggesting that curtailed lactation could be a marker for metabolic risk (42, 43) . These associations may explain the slightly higher risk of incident hypertension among women with >0-3 months of lactation for their first child compared with those who never breastfed. Moreover, pregnancy complications, such as preeclampsia or preterm birth, may interfere with lactation, and these conditions are risk factors for later cardiovascular disease. A key strength of our study was our inclusion of BMI at age 18 years and pregnancy complications in our adjusted models. Our results do not support our hypothesis that pregnancy complications confound associations between breastfeeding and maternal health. Nevertheless, we cannot exclude the possibility that optimal lactation duration may be a marker for health, rather than a mechanism to prevent subsequent disease.
Unmeasured confounders are another concern. A woman whose circumstances allow optimal lactation may experience less chronic stress and thus face a lower risk of hypertension (44) . However, when we performed a sensitivity analysis, we found that our results were robust. We found that unmeasured confounders would have to be as strongly associated with hypertension as 30 minutes per day of vigorous physical activity versus no physical activity or DASH diet score in the highest versus lowest quintile to explain our findings.
Of note, all participants in our study are registered nurses, and 94% are Caucasian, so confounding by race or socioeconomic status is less likely than in a more diverse cohort. Nevertheless, if the choice of nursing as an occupation is correlated with unobserved determinants of health, then conditioning on occupation could affect observed associations (45) . In this case, nursing as an occupation would serve as a collider, potentially biasing our results.
Missing data are another concern. We found that women missing data on breastfeeding were more likely to be nonwhite, to be smokers, and to be missing other health behavior data, suggesting that women who were included in our analysis may be more health conscious, potentially biasing our results. Finally, misclassification is also a potential concern. Promislow et al. (46) compared recalled lactation with prospective menstrual diaries and found overall correlation of 0.55, with a mean difference between recorded and recalled duration of 0 (standard deviation, 2.7) months, indicating no overall recall bias. If such misclassification occurred in our cohort, it would likely bias our results toward the null; thus, our observed association may underestimate the true association.
In conclusion, we found that never or curtailed lactation is associated with increased incident hypertension among parous women, independent of BMI. If this association is causal, 12% of incident hypertension cases among parous women can be attributed to suboptimal breastfeeding. Policies that increase support for breastfeeding mothers (47) may decrease the burden of hypertensive disease among parous women.
